CSIRO PUBLISHING

International Journal of Wildland Fire 2020, 29, 215-228
https://doi.org/10.1071/WF19092

Standing dead trees contribute significantly to carbon

budgets in Australian savannas

Garry D. CookA/ Adam C. Lied/offA’D, C. P. Mick) MeyerB, Anna E. Richards™

and Steven G. Bray®©

ACSIRO Land and Water, PMB 44, Winnellie, NT 0822, Australia.
BCSIRO Oceans and Atmosphere, Private Bag 1, Aspendale, Vic. 3195, Australia.
CQueensland Department of Agriculture and Fisheries, Brisbane, Qld 4001, Australia.

PCorresponding author. Email: Adam.Liedloff@csiro.au

Abstract.

Previous estimates of greenhouse gas emissions from Australian savanna fires have incorporated on-ground

dead wood but ignored standing dead trees. However, research from eucalypt woodlands in southern Queensland has
shown that the two pools of dead wood burn at similar rates. New field data from semiarid savannas across northern
Australia confirmed that standing dead trees comprise about four times the mass of on-ground dead wood. Further, the
proportion of total woody biomass comprising dead wood increases with decreasing fire frequency and a decreasing
proportion of late dry season (August to December) fires. This gives scope for increasing the carbon stock in the dead wood
pool with a reduced fire frequency. Following a previously published approach to quantify total dead wood loads in
savannas, new and previously collected data on tree stand structures were used across the whole savanna zone to quantify
dead wood loads in equilibrium with historic fire regimes. New parameters are presented for calculating dead wood

dynamics including dead trees in Australia’s savannas.
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Introduction

Understanding fluxes of carbon and greenhouse gases through
terrestrial systems is critical for quantifying global atmospheric
dynamics. Tropical savannas cover 20% of the globe and have a
high anthropogenic component to their carbon flux through the
management of frequent fires in areas with little grazing of
domestic livestock (van Leeuwen et al. 2014; Williams et al.
2017), and less frequent fires in areas of moderate to heavy
grazing. Savanna fires contribute 5.6% of global biomass
burning emissions. In Australia, savannas cover 25% the con-
tinent and their fires contribute 15% of'the global burnt area (van
der Werf et al. 2006; Williams et al. 2017). Within Australia,
savanna fires account for 2—4% of the currently accountable
greenhouse gas emissions (Cook and Meyer 2009). In much of
the savanna zone, depopulation as a result of colonisation has led
to an increase in the frequency and severity of fires (Ritchie
2009; Russell-Smith et al. 2013). Although much work has
examined the role of fire in the dynamics of live tree populations
in Australia’s tropical savanna, a recent review concluded that
these tree stands were more likely to be water limited than fire
limited (Murphy et al. 2015).

Australia has international obligations to account for and to
reduce its net greenhouse gas emissions. There is thus a need for
a national-scale emissions inventory and for schemes to reduce
emissions where possible (Commonwealth of Australia 2017).
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The latter have led to the development of a fire management
industry in the savannas of northern Australia supported by
carbon credits gained through emissions reductions. Both the
inventory and the emissions reductions schemes require contin-
ued improvement through scientific advances. Fuel dynamics in
the savanna zone is an area where there has been limited
knowledge and consequently has contributed substantial uncer-
tainty to the emissions accounts.

The first quantification of emissions from savanna fires in
Australia was by Hurst et al. (1994). This work focused on
emissions from the fine fuel bed. The emission factors were
measured on smoke samples from elevated plumes collected
using aircraft-based sampling techniques. Smoke sampled in
this way is produced mainly at the fire front from flaming
combustion of fine fuels, with a small contribution from smoul-
dering of those fuels after the fire front has passed. In their
calculations, (Hurst ef al. 1994) did not include emission factors
specifically from dead wood, nor estimates of dead wood loads.

Quantifying dead wood loads is critical to robust estimates of
emissions for two reasons. First, dead wood is a significant
fraction of the total fuel load in most Australian savanna
vegetation and to ignore it will underestimate total emissions.
Second, emissions of methane from dead wood combustion are
typically ~10 times greater per unit of fuel consumed than from
fine fuels (Meyer and Cook 2015). Consequently, most of the
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more recent inventory accounting methodologies use a stratified
or book-keeping accounting approach that separates fuels into
classes such as fine fuels, on-ground dead wood and standing
dead trees (IPCC 2006; Prichard et al. 2006; Commonwealth of
Australia 2017).

Two estimates of dead wood pools in northern Australia have
been published for inventory analyses (Russell-Smith et al
2009; Yates et al. 2015), but these only measured dead wood
on the ground. Other regional studies considered only the
standing dead trees without the on-ground dead wood
(Burrows et al. 2002; Fensham 2005; Bray et al. 2006). Few
studies have considered both on-ground and standing dead wood
in Australia’s tropical savannas (but see Bray ef al. 2014; Hunt
2014). These studies indicate that standing dead trees constitute
up to 11% of total live and dead standing wood load in savanna
systems, and thus their inclusion is likely to make a significant
contribution to carbon budgets.

Quantifying the changes in emissions as a result of changed
fire regimes requires estimates of fuel loads based on fuel
accumulation curves (Cook and Meyer 2009). Cook et al.
(2016) developed a mass balance approach consistent with the
2006 TPCC guidelines to describe fuel accumulation in systems
where fires are frequent. This approach explicitly accounts for
fire patchiness or uniformity and combustion completeness, also
known as burning efficiency, and is applied to both fine fuel
(<6 mm diameter) and two classes of dead wood (coarse
fraction 650 mm diameter and heavy fraction =50 mm
diameter) in Australian high rainfall savannas.

Direct sampling of chronosequences by using space for time
substitution is an alternative to developing fuel accumulation
curves from a mass balance approach, taking account of gains
and losses. For on-ground dead wood in the savannas of northern
Australia, the inherent variability in these data was such that no
significant trends with time since fire were detected in field data
(Russell-Smith et al. 2009; Yates et al. 2015). This is to be
expected given the demonstrated shortcomings of the chronose-
quence approach (Johnson and Miyanishi 2008). As discussed
by Cook et al. (2016), with respect to fuel accumulation there is
an important difference between being unable to detect a trend
and concluding that there is no trend. Since it is known that dead
wood is consumed during fire events and is replaced more
slowly through deposition between fire events, there must be
an accumulation curve for dead wood. Accordingly, Cook et al.
(2016) developed an approach to estimate annual inputs to the
dead wood pool and its decomposition so that fuel accumulation
curves could be produced using a mass balance approach. The
annual input of dead wood was calculated as the product of the
annual tree mortality rate, and the live tree biomass coupled with
estimates of branch fall from live trees. These values were
derived from data on tree stand structures and mean growth
rates. Annual losses of dead wood were determined from data
describing the fire regime, combustion efficiency and biological
decomposition rates. The estimates of emissions and carbon
dynamics under various fire regimes that were calculated by this
approach were thereby based on an explicit modelling of the
underlying processes.

The present study aims to (1) provide insights into the
importance of standing dead trees to the carbon dynamics of
frequently burnt Australian savannas, and (2) to develop new
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dead wood input parameters for the Australian Government’s
Savanna Technical Guidance document that supports the
Savanna fire management 2018 (Sequestration and Emissions
Avoidance) Methodology Determination. This work will con-
tinue to improve the quantification of savanna burning emis-
sions and carbon dynamics in Australia’s savannas, and will
support improved fire management.

Methods
Overview

New Australian Government legislation aiming to support
emissions reduction and carbon sequestration through improved
fire management in savannas (herein called the ‘savanna burn-
ing methodology’) includes an equation to calculate fuel loads in
equilibrium with particular fire regimes (Commonwealth of
Australia 2018: eqn 11). This equation is equivalent to eqn 15 of
Cook et al. (2016). The fuel loads are a function of annual inputs
(L), decomposition rates (k), the frequency of early and late dry
season fires, the patchiness of those fires and the burning effi-
ciency of particular size classes of fuel under those fires. This
legislation invokes a table of input values for different fuel
classes in different vegetation types that is given in a subsidiary
document (section 4.3 in Australian Government 2018). Nine
vegetation types are defined across northern Australian and
were derived by Meyer et al. (2015) using data of Thackway
etal (2014) (Fig. 1; Appendix 1). For coarse and heavy fraction
dead wood, these input values were scaled to fit field observa-
tions of on-ground dead wood presented by Russell-Smith ez al.
(2009) and Yates et al. (2015), because they were the only data
available at the time (Meyer ef al. 2015). Here we collate
existing data and describe the collection of new data to enable
the calculation of new values of dead wood inputs that will
include both standing and on-ground dead wood. We use these
data to explore the dynamics of dead wood in frequently burnt
Australian savannas.

Calculation of dead wood dynamics

The mathematical approach is presented in detail in Cook et al.
(2016); here we describe how we applied that approach in the
present study.

The fuel accumulation equation of Olson (1963) describes
the rate of fuel accumulation, d®/dt, in terms of the input of dead
organic matter L and the biological decomposition rate k:

Ao
o L—ko 1
= ke (1)

Raison et al. (1983) modified this approach to allow for the
inclusion of post-fire residue because dead wood of any fraction
is rarely completely consumed in a fire event. An example
solution to this model is shown in Fig. 2 for the heavy fraction,
with the maximum fuel load being equal to L/k and showing
values for the mean post fire fuel load (®y), the mean fuel load
over space and time (®) and the mean fuel load at the mean fire
recurrence interval (®,). We calculate these values using burn-
ing efficiency and fire patchiness data given by Cook et al.
(2016) and Yates et al. (2015) for high rainfall and semiarid
savannas respectively.
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Fig. 1.

A map of the vegetation types defined in the ‘Savanna fire management 2018 (Sequestration and Emissions

Avoidance) Methodology Determination’, also showing excluded vegetation types.
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Fig. 2. Fuel accumulation curve for ‘with-project’ fire regime for heavy
fraction of woody debris of Eucalyptus open forest for West Arnhem Land
Fire Abatement project, as developed by Cook et al. (2016).

For woody debris, L is calculated from measured tree stand
structures. This first requires parameterising the stand structures.
A semi-log relationship between density of live stems p (ha™")
and stem diameter D (m) appears to be general for describing
Australian savanna tree stand structures, if a sufficiently large
sample is measured (Hutley ez al. 2011; Cook et al. 2016):

p(D) = poe P (2)

where py is the y-axis intercept, which represents the nominal
density of stems with a diameter at breast height (DBH; 1.3 m)
of 0. This defines the density of small trees entering the sapling
population. The slope, . (m "), defines the relationship between
stem density and stem size.

The input of on-ground coarse fraction dead wood L.
(Mgha ™! year ') is mostly created by the fall of small branches
from trees, and its annual production rate can be calculated by
scaling against the total basal area of live trees 4 (m* ha™'):

L. =0.0234 (3)

Expressed in terms of the stand structure parameters, this
equation becomes

~0.023pym

Le 23

(4)

The death of trees is the dominant source of heavy fraction
dead wood. Its annual production rate L, (Mg ha~' year ') can
be calculated as the product of the live stand biomass M
(Mg ha™') and the mean annual mortality rate (jt) from all
causes, after adjusting for the proportion of leaves and twigs:

Ly = 0.948M (5)

If tree growth rate is expressed as the annual increment in
stem diameter and is assumed to be independent of stem size
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(which has been demonstrated for trees in the region; Cook et al.
2016), tree mortality expressed as a proportion per year can be
calculated from the stand structure and mean annual increment
in stem diameter (AD):

p=1-e 0 (6)

Cook et al. (2015) showed that mean stem diameter incre-
ment did not vary with rainfall, so a constant value could be used
to calculated tree mortality. The values of A have already been
determined for open forest and woodland savannas in high
rainfall savannas (>1000 mm mean annual rainfall) by Cook
et al. (2016). Here we determined the value of A for woodland
savannas in the semiarid savanna zone (600—1000 mm mean
annual rainfall) using newly collected and collated data on tree
stand structure in this region (see below). We lump all data
collected from 60 sites of varying size across the region into one
population for this analysis. Preliminary investigations of the
new stand structure data and exploration of the equivalent data
for high rainfall savannas indicated that the value of A showed
little systematic variation among sites, but values of p, (the
y-axis intercept of the negative exponential curve of tree stand
structure), which scales with total basal area (4) did vary among
sites according to variation in rainfall and soil types.

Having obtained a value of A and thus a mortality rate for
semiarid woodlands, we calculated the values of annual inputs
of coarse and heavy fraction dead wood across the savanna zone
for the defined vegetation types. To do this, grid cells of
0.01° x 0.01° were defined across the Australian savanna zone
and allocated to one of the nine defined vegetation classes
(Fig. 1; Appendix 1). These vegetation types were loosely
defined on a range of floristic and structural attributes. In the
present study, we also consider a tenth vegetation class, ‘other’,
which contains a variety of vegetation communities (Meyer
et al. 2015). For each grid cell, the total basal area of trees 4
(m* ha™") was calculated following the approach of Cook er al.
(2015) using the equation of Williams et al. (1996), which
relates 4 to mean annual rainfall and soil surface clay content.
We used rainfall data from the Australian Bureau of Meteorol-
ogy (http://www.bom.gov.au, verified 14 January 2020) and soil
data from the Australian Soil Resource Information System
(http://www.asris.csiro.au, verified 14 January 2020). From 4
and A, the mean value of the nominal density of stems of
diameter 0 m, py, in each grid cell can be calculated (by
reworking eqn 23 of Cook et al. 2016):

2473
Po =

()

T

Further, we assume that value of A from high rainfall wood-
lands can be applied to both woodland vegetation classes
defined for this rainfall band, and the new value of A from
semiarid woodlands can be applied to all four woodland vegeta-
tion classes defined for the 600—1000-mm savannas.

With values of A and p, for each grid cell, the biomass of live
trees could then be calculated using the allometry of Paul et al.
(2016). We used this allometry rather than that of Williams et al.
(2005), which was used by Cook et al. (2016), because of the
greater dataset that Paul er al. (2016) included and the simpler
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formulation of the allometric equation. Equation 3¢ of Paul ef al.
(2016) can be simplified by subsuming the required bias correc-
tion factor for this equation, with the relationship of biomass of an
individual tree as a function of size (M(D)) expressed as

M (D) = 7.99D*37 (8)

By combining Eqns 2 and 8, the aboveground live biomass for
a stand M (Mg ha_l) can be determined by the definite integral:

N
M =17.99p, / e *PD*3 dp 9)
0
This is:
[(2.375+1)
M =790 =57 (10)

where I' is the gamma function. Hence:

23.17p,
M= FESIE (11)

With the value of M calculated for each grid cell, the values
of L. and L;, were then calculated as described above (Eqns 4
and 5) and the mean values for each vegetation class determined.

Stand structure data for semiarid savannas

Existing data on live and dead standing trees (collected from 46
belt transects with a total area of 13.16 ha in semiarid savannas
of Queensland as part of the Queensland Government’s TRAPS
program; Burrows et al. 2002) were supplemented with newly
collected data across northern Australia. New data on tree stands
were collected in 201617 at 14 sites at ~150-km intervals
along the 800-mm rainfall isohyet from Queensland to Western
Australia. At each site the diameter of every live or dead tree
with a DBH (1.3 m) =0.05 m was measured and the species
identified. Most trees were single stemmed but for multi-
stemmed individuals where the stems arose below 1.3 m
height, we measured the diameter of each stem. Trees were
counted along transects with a width of 10-20 m and length of
several hundred metres, depending on tree density. The total
area sampled was 14.7 ha, with individual sites ranging from 0.2
t0 2.0 ha. Thus, tree stand structures were compiled from 60 sites
covering 27.86 ha across northern Australia with mean annual
rainfall between 600 and 1000 mm. For each tree measured in
the new plots, the health was rated on a 1-5 scale, with 1 having a
completely healthy canopy and 5 being dead. For 10 of the
newly collected sites, it was also possible to sample on-ground
heavy-fraction dead wood; in others, tall grass obscured the
ground and time constraints prohibited sampling of this pool.
The length of each on-ground log (=0.05 m diameter) that
would have been rooted within the belt transects was recorded.
The DBHs of those logs were estimated by measuring 1.3 m
from the tree base at the expected original ground level. Because
of time constraints, it was not possible to measure on-ground
coarse fraction woody debris. In the absence of published allo-
metries for dead trees, we assumed that their biomass-to-stem
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diameter had the same relationships as live trees. Although this
is likely to overestimate mass of dead wood in dead trees, for the
purpose of determining their relative contribution to total stand
mass and to compare fallen with standing dead wood, it is a
satisfactory assumption. The carbon balance determined from
the annual production of dead wood will avoid these short-
comings because the passage of all parts of live trees into the
dead pool will be included in the estimation.

Values of live tree wood mass, mortality rate and annual
inputs of coarse and heavy dead wood were then calculated
using a constant stem diameter increment rate of trees across the
savanna zone (0.0025 m year '; Cook ef al. 2015).

The frequency of early dry season (January to July) and late
dry season (August to December) fires over 27 years was derived
for each grid cell from the fire area dataset compiled by Landgate
WA using AVHRR imagery (https://firewatch-pro.landgate.wa.
gov.auw/home.php, accessed September 2017). Together with the
values of L and L;, and an estimate of decomposition rate, these
data enable us to calculate the mean dead wood stock.

The annual inputs of coarse and heavy dead wood, total dead
wood stock, total basal area, live tree biomass and the density of
trees with a diameter >0.05 m were calculated for each grid cell.
From these, we calculated the mean values for eight of the
defined vegetation classes. For the two shrubland communities
(high and low rainfall shrubland with hummock grasses, hNSHH
and ISHH respectively; Fig. 1), the dominant stratum was shrubs
<5 m tall with at most, sparse tree cover (Commonwealth of
Australia 2015; Lynch et al. 2015; Appendix 1); therefore the
biomass of live trees was low, highly spatially variable and
difficult to quantify. For these two vegetation classes, the annual
inputs of dead wood were not calculated.

Estimating wood decomposition rate

Cook et al. (2016) estimated a wood decomposition rate (0.083
year ') for savannas in high rainfall (>1000 mm) location in the
Northern Territory based on consideration of annual inputs of
coarse-fraction woody debris and measured on-ground debris
loads. Following further considerations, a value of 0.09 year ™'
was given as the value in the supporting document to the savanna
burning methodology (Australian Government 2018). Never-
theless, there are no published direct measurements of wood
decomposition rates in northern Australian savannas. To pro-
vide a field estimate, pieces of wood of ~0.05 m diameter were
collected from dead Eucalyptus trees in the Darwin region, cut to
~0.3 m lengths and weighed. These were tagged and placed on
the ground in the field at Victoria River Research Station
(130°54’E, 16°06’S; ~750 mm mean annual rainfall) in March
2016 and collected in April 2018. Mean annual decomposition
rates k (year™ ') were calculated for each piece of wood as

k = Ln((Initial weight — Final weight) /Initial weight)/t ~(12)
where 7 is the number of years of decay.

Results
Stand structures

The aggregated stand structure data from the tree plots in the
semiarid savanna sites (600—1000 mm) was well described by a
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Fig. 3. Cumulative distribution of tree stems >0.05 m DBH (diameter at

breast height) across 60 plots with a total area of 27.855 ha in Australian
semiarid savannas (600—1000 mm rainfall). The x-axis has been adjusted by
subtracting 0.05 m from DBH to support curve fitting. Y =1 —e(—9.05(DBH -
0.05)) * = 0.9996.

negative exponential curve, and the cumulative distribution
function was fitted to the aggregated stand structure data to
determine A (Fig. 3). The calculated mean density of stems with
DBH >0.05 m was 235 stems ha™ ', and the value of A from the
cumulative distribution function was 9.05 m~'. Together, these
allow for the calculation of p, and other structural attributes
averaged for sites sampled in these semiarid woodlands
(Table 1). These are compared in the table with values previ-
ously determined in high rainfall open forests and woodlands.
The woodlands in the high rainfall zone have similar total basal
area and biomass to semiarid woodlands.

Relative contribution of dead wood to total wood biomass

Heavy-fraction dead wood comprised ~12% of the total woody
biomass across the 10 sites (6.6 ha) in low rainfall savannas for
which live, standing dead and on-ground dead wood pools in the
heavy fraction were measured (Table 2). Of that dead wood,
~79% of the biomass comprised standing dead trees, with the
rest being on-ground dead trees (Table 2).

Drivers of dead wood gains

Across northern Australia’s savannas there were ~23 x 10° live
trees with a D >0.05 m, with a total aboveground live biomass of
3.6 Pg (Table 3). Of the defined vegetation classes, the high
rainfall woodlands with mixed grass understorey (hWMi)
dominated the stem count and the biomass, owing to both the
substantial area of this class and its high mean total basal area.

Annual production of dead wood was dominated by the
heavy fraction that ranged among the vegetation classes from
0.56 to 1.16 Mg ha~ ' year ' (Table 4), whereas values for the
coarse1 fraction dead wood ranged from 0.09 to 0.18 Mg ha ™!
year .

Drivers of dead wood losses: decomposition and fire regimes

Decomposition rates of the wood samples varied consider-
ably, with the greatest rate (1.41 year™') being more than 50
times the lowest (0.026 year ). The rates appeared to fall into
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Table 1. Structural properties of measured woodlands and open forest savannas in northern Australia

For the >1000-mm zone, the structural attributes are taken from Cook ef al. (2016)

Stand structure attribute Rainfall zone

600—1000 mm >1000 mm

Woodland Woodland Open forest
A (mfl) 9.0500 10.800 8.7000
Po (stems ha ' m ™) 3349.0000 5818.000 4817.0000
P =0.05m (stems ha™") 235.0000 315.000 358.0000
Total basal area (m” ha™ ") 7.1000 7.300 11.5000
Live biomass (Mg ha™') 45.8000 44.100 75.3000
Mortality (u: year ") 0.0224 0.027 0.0215
Heavy woody debris production (Z: Mg ha~' year ") 1.0300 1.170 1.6200
Coarse woody debris production (L: Mg ha™' year ') 0.1600 0.170 0.2600

Table 2. The mean amount of live standing trees, dead standing and dead on-ground wood (heavy fraction) in 10 plots comprising 7.2 ha across
northern Australia

Pool of wood Biomass (Mg ha™") Total basal area (m® ha™") Density of stems >0.05 m diameter (ha™")

Live standing 29.2 5.10 303.2
Dead standing” 3.1 0.59 47.6
Dead on-ground™ 0.8 0.13 4.6

ACalculated from log diameter equivalent to diameter at breast height.

Table 3. The area of each vegetation class and estimated total number and biomass of live trees with a diameter at breast height (DBH) >0.5 m, for
count and mean total basal area of live trees in each vegetation class
hOFMi, high rainfall open forest with mixed grasses; hWMi, high rainfall woodlands with mixed grass; hWHu, high rainfall woodland with hummock grasses;
hSHH, high rainfall shrubland with hummock grasses; IWHu, semiarid rainfall woodland with hummock grasses; IWMi, semiarid rainfall woodland with
mixed grasses; IWTu, semiarid woodland with tussock grasses; IOWmi, semiarid open woodland with mixed grass; ISHH, semiarid shrubland with hummock
grasses; —, no data

Vegetation class Area (‘000 km?) Number of live trees of DBH >0.05m (x 10°) Mass of live trees (Tg) Mean total basal area (m” ha™")

hOFMi 69.2 1666 350 7.7
hWMi 226.0 7041 984 7.2
hWHu 41.8 1258 176 7.0
hSHH - - - —
IWHu 16.6 275 54 5.0
IWMi 71.2 997 194 42
IWTu 119.5 1524 297 3.8
I0WMi 214.2 2898 564 4.1
ISHH - - - -
Other 355.6 7210 1007 4.7
Total 22900 3625

three populations (Fig. 4), with the largest proportion (64%)
of wood samples having a mean value of 0.087 year ' and
the other populations having faster decomposition rates.
Decomposition rates declined significantly with increasing
wood density (Fig. 5), but no trends could be detected with
diameter, most likely owing to the small range of diameters
included in this study.

The mean frequency of all fires (1988-2015) in the 10
vegetation classes considered in northern Australia varied from
0.17 to 0.36 year ', with Emissions Reduction Fund (ERF)

project areas within each vegetation class having greater fire
frequencies (0.26 to 0.37 year '; Table 5). The mean frequen-
cies of late dry season fires historically ranged from 0.12 to
0.22 year ' and up to 0.26 year ' in ERF project areas. Across
Australia, fire frequency is greater in the north (Fig. 6a), with
early dry season fires dominating in the north-western part of the
Northern Territory (Fig. 6b), and late dry season fires dominat-
ing in the northern Kimberley region of Western Australia,
north-eastern Northern Territory and western side of Cape York
Peninsula in Queensland (Fig. 6¢).
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Table 4. Values of annual inputs of coarse (L.) and heavy (L) woody debris in defined vegetation classes across northern Australia’s savannas as
listed in the National Inventory Report (NIR) (Meyer ef al. 2015) and as calculated herein
hOFMi, high rainfall open forest with mixed grasses; hWMi, high rainfall woodlands with mixed grass; hWHu, high rainfall woodland with hummock grasses;
hSHH, high rainfall shrubland with hummock grasses; IWHu, semiarid rainfall woodland with hummock grasses; IWMi, semiarid rainfall woodland with
mixed grasses; IWTu, semiarid woodland with tussock grasses; IOWmi, semiarid open woodland with mixed grass; ISHH, semiarid shrubland with hummock
grasses; —, no data

1

Vegetation class Annual inputs of dead wood (Mg ha™' year ')
L Ly
NIR This study NIR This study
hOFMi 0.25 0.18 0.5650 1.09
hWMi 0.2175 0.17 0.3392 1.16
hWHu 0.2924 0.16 0.8879 1.12
hSHH 0.0704 - 0.3423 -
IWHu 0.2677 0.12 0.1093 0.72
IWMi 0.1437 0.10 0.2504 0.61
IWTu 0.2434 0.09 0.1941 0.56
IOWMi 0.1446 0.09 0.0946 0.59
ISHH 0.0871 - 0.0375 -
Other 0.2175 0.11 0.3392 0.75
18 - 1.6 q
16 A 1.4 L
Mean of values <0.1 yealr'1 =0.087 year'1 —
14 L 1.2
8
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Fig.4. The proportions of wood samples with various decomposition rates
measured in a semiarid savanna over 2 years. The x-axis values are the mean
of each bin with a 0.02 range.

Dead wood stocks

The estimated total biomass of dead wood under baseline fire
regimes (1988-2015), assuming a wood decomposition rate of
0.083 year™ ' (Cook et al. 2016), ranged from 6.4 to 8.6 Mg ha™"
across the various vegetation classes (Table 6). The spatial dis-
tribution of dead wood under historic fire regimes is shown in
Fig. 7. Inthe high rainfall savannas, the estimated mean dead wood
averaged 58% of the mean maximum possible at long periods
without fire; in the semiarid savannas, this value was 79%.

Discussion

The present study addresses two parameters that describe dead
wood accumulation. These are the annual inputs and the
decomposition rates. The mean load after the mean fire is

Wood density (g cm™)

Fig. 5. The relationship between the decomposition rate of wood samples
0f 2.2-6.5 cm diameter and their density.

dependent on both these parameters and the fire regime. For
dead wood, the values of the annual inputs are largely driven by
live tree stand structure. We found that for coarse fuels, the
values of L. determined here were lower than those calculated
by fitting an accumulation model to field observations of fuel
loads (Meyer et al. 2015). In this case, the discrepancy is likely
owing to both inaccuracies and biases associated with field
sampling using a chronosequence approach and to the large
spatial and temporal variability in coarse fuel deposition, and
consequently a low confidence in the assigned coefficient used
to calculate L. from total basal area. This issue was highlighted
by Cuff and Brocklehurst (2015) in their description of the data
collection underpinning our parameterisation. Targeted sam-
pling of the on-ground coarse fraction, further measurements of
inputs of this fraction from branch fall and partitioning of live
tree wood into diameter classes would all increase the accuracy
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Table5. The mean frequency (1988-2015) of early (before 1 August), late and all fires in 10 vegetation classes across the savanna biome of northern
Australia and in Emissions Reduction Fund project areas in each vegetation class

hOFMi, high rainfall open forest with mixed grasses; hWMi, high rainfall woodlands with mixed grass; hWHu, high rainfall woodland with hummock grasses;

hSHH, high rainfall shrubland with hummock grasses; IWHu, semiarid rainfall woodland with hummock grasses; IWMi, semiarid rainfall woodland with

mixed grasses; IWTu, semiarid woodland with tussock grasses; IOWmi, semiarid open woodland with mixed grass; ISHH, semiarid shrubland with hummock

grasses
Vegetation class Fire frequency (year ')
Early Late Total

All Projects All Projects All Projects
hOFMi 0.081 0.134 0.185 0.227 0.266 0.361
hWMi 0.140 0.111 0.222 0.261 0.362 0.372
hWHu 0.115 0.128 0.188 0.226 0.303 0.353
hSHH 0.109 0.119 0.143 0.240 0.252 0.359
IWHu 0.115 0.129 0.186 0.218 0.302 0.347
IWMi 0.075 0.112 0.175 0.243 0.250 0.355
IWTu 0.027 0.073 0.131 0.189 0.158 0.262
IOWMi 0.075 0.121 0.159 0.211 0.234 0.332
ISHH 0.077 0.123 0.136 0.196 0.213 0.318
Other 0.048 0.109 0.119 0.209 0.166 0.317

Frequency (year™') Frequency (year™')
[ 1<001 [ 1<0.01
B 0.05 B 0.05
— X 0.1
o5 B o.15
0.2 EHo2
=025 =2 0.25
o3 03
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Fig. 6. The frequency of () all fires, (b) pre-August fires and (c) post-July fires across Australia, based on 28 years of fire scar data (Landgate).
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Table 6. Estimates of dead wood biomass (both coarse and heavy) in north Australian vegetation classes based on either field observations of on-
ground dead wood alone, or on mass balance modelling of dead wood dynamics including on-ground and standing pools based on knowledge of
vegetation structure and past fire regimes
The values of the temporal and spatial mean (@) and of the mean post-fire residue (@(0)) are given for the baseline fire regime derived from 27 years of fire
history (1988-2015). hOFMi, high rainfall open forest with mixed grasses; hWMi, high rainfall woodlands with mixed grass; hWHu, high rainfall woodland
with hummock grasses; hSHH, high rainfall shrubland with hummock grasses; IWHu, semiarid rainfall woodland with hummock grasses; IWMi, semiarid
rainfall woodland with mixed grasses; IWTu, semiarid woodland with tussock grasses; IOWmi, semiarid open woodland with mixed grass; ISHH, semiarid
shrubland with hummock grasses; —, no data

Vegetation Woody debris load (Mg ha™")
class On-ground only (field Temporal and spatial mean on-ground and Mean post-fire on-ground and standing Mean
observations™) standing (®) (®(0)) maximum
hOFMi 6.20 8.47 7.22 15.0
hWMi 3.10 8.27 7.11 15.9
hWHu 4.60 8.56 7.39 15.5
hSHH 2.30 - - -
IWHu 3.00 7.53 7.13 10.1
IWMi 2.71 6.56 6.19 8.50
IWTu 2.64 6.41 5.96 7.80
IOWMi 1.56 6.44 6.08 8.20
ISHH 0.90 - - -
Other - 6.89 6.42 8.40

ARussell-Smith ef al. (2009), Yates et al. (2015).

Fig. 7. The stock of both coarse and heavy wood debris (standing and on-ground) expressed as tonnes of carbon per hectare
(t C ha ") under 1988-2015 fire regimes in the savanna zone across northern Australia.

of quantification of the dynamics of this fraction. However, its In contrast to the coarse fraction dead wood, the estimated
contribution to carbon dynamics is much less than for heavy mean annual production of heavy-fraction dead wood (on-
fraction dead wood. ground and standing dead) was substantially greater than
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previous estimates that only considered the on-ground compo-
nent of dead wood. The increases ranged from ~26% to nearly
seven times. This is mainly owing to the exclusion of standing
dead wood in the field observations, but would also be a result of
the inherent difficulty in accurately measuring heavy fraction
dead wood in the field. The new field observations reported here
showed that standing dead wood was nearly four times the
amount of on-ground dead wood. Although both values may be
slightly overestimated because of the application of live-tree
allometry, the relative differences remain — and the conclusion
that excluding standing dead trees from previous estimates of
dead wood represents a major data gap remains supported.

Fires late in the dry season dominate the fire regime in all
vegetation classes throughout Australia’s tropical savannas. Such
fires typically occur during times when controlled burning is not
permitted. Fire management usually aims to prevent such fires
because of their large size, high intensity, smoke generation and
risks to infrastructure and natural assets (Andersen et al. 2005;
Yates et al. 2008). Improved fire management could reduce the
frequency of late fires, and of fires overall, with potential
reductions in greenhouse gas emissions. With incentives from
carbon credits under the Australian ERF, such improvements are
being achieved across increasing areas of northern Australia,
while still maintaining fire as part of the landscape (Cook et al.
2012; Russell-Smith ez al. 2013). The areas in which ERF projects
have been established had a greater frequency of all fires, and of
late dry season fires historically, than the overall means across
northern Australia. That is, improved fire management under the
ERF schemes is focused on areas with more uncontrolled fire
regimes over the past few decades. One consequence of changing
the fire regimes is that the fuel accumulation curves will change;
the model of Cook et al. (2016) applied here will facilitate their
revision when necessary.

The values of the wood decomposition rates estimated by
inverse modelling previously (0.083 year'; Cook ef al. 2016),
and used in the calculations under the savanna burning method-
ology (0.09 year'; Australian Government 2018), are close to
that of the mean of field measurements presented here for the
most slowly decomposing pool. Mackensen et al. (2003)
describe the complex phenomenon of wood decomposition in
forests and the importance of quantifying rates, but also the
difficulty of doing so. The significant relationship of decompo-
sition rate with wood density indicates that the higher decom-
position rates observed in about one-third of the wood samples
should not apply to the much denser wood that constitutes the
bulk of the biomass of most Australian savanna trees. These high
rates are probably associated with unlignified wood. From this
relationship, the decomposition rates used herein for calcula-
tions of woody fuel dynamics (0.083 year '), and that invoked
by the savanna burning methodology (0.09 year '), are
expected values for wood of density 0.91 and 0.89 g cm >
respectively. Values of wood density for a range of savanna
eucalypts range from 0.85 to 1.2 g cm > (Boland ef al. 1984).
Thus, the new data indicate that these previous estimates of dead
wood decomposition rate were reasonable, and we do not
recommend any changes at present. Nevertheless, it is clear that
there is high variation in wood decomposition rates. The results
presented here should be considered preliminary data, and there
is a need for further studies in the northern savannas.

G. D. Cook et al.

The field observations of on-ground dead wood (>6 mm)
reported by Russell-Smith ez al. (2009) and Yates et al. (2015)
(Table 6) in all cases are substantially less than the estimates of
the mean total dead wood, both on-ground and standing,
calculated by process-based modelling from stand structure
data. The difference was least for the high rainfall open forest
with mixed grass (hOFMi), and greatest for the semiarid open
woodland with mixed grass (IO0Wmi). In this open woodland,
the on-ground dead wood load presented by Yates et al. (2015)
was only 24% of our estimate of the total dead wood, and across
all four semiarid systems, the mean area-weighted on-ground
dead wood was 33% of modelled total dead wood load.

The direct measurements of both standing and on-ground
dead wood (Table 2) confirmed that standing dead wood com-
prised most of the woody debris pool. Furthermore, the propor-
tion of total woody biomass comprising dead wood declined
with increasing frequency of fires consistent with modelling
predictions using a mass balance approach. Failure to include
standing dead wood in previous estimates of fuel loads for
calculating combustion emissions in northern Australia thus
represents a major oversight. The disparity in dead wood
estimates caused by ignoring standing dead wood is greater in
high rainfall woodlands and the semiarid systems than in the high
rainfall open forests. Standing dead wood in eucalypt woodlands
is consumed in fires at burning efficiencies similar to those
reported for on-ground woody debris in savannas (Fensham
2005; Russell-Smith et al. 2009). Because wood combustion is
a strong source of methane emissions (Meyer ef al. 2012; Meyer
and Cook 2015), emissions from Australian savanna fires have
therefore been underestimated historically.

Using the fuel accumulation curve, we have introduced
dynamics into the estimates of dead wood loads, whereas previ-
ously it had been assumed that dead wood loads were unchanging
over time (Russell-Smith et al. 2009; Yates et al. 2015). The
proportion of total woody biomass comprising dead wood should
decrease with increasing fire frequency and with an increasing
proportion of late dry season fires. We have run the model using
the fire regimes at each of the 10 field sites where we have
observations of both standing and on-ground dead wood. The
results show that with increasing fire frequency, there is a decline
in the proportion of the total biomass comprising dead wood
(Fig. 8). Furthermore, our field observations are consistent with
the modelled data in both magnitude and trend. This dependence
of the amount of dead wood on fire regime forms the basis of the
ability to manage carbon stocks by managing fire regimes.

Conclusions

At the scales of major vegetation classes, Australia’s tropical
savannas have fire frequencies ranging from ~0.17 to 0.36 fires
year ', with late dry season fires dominating in all cases.
Emissions avoidance projects under Australia’s ERF cover
~334000 km? of northern Australia’s savannas. Projects have
been established in areas that historically have had more fre-
quent fires, and more frequent late dry season fires, than the area
overall. With the move to including carbon sequestration as well
as emissions avoidance in ERF methodologies and in the
National Inventory Report, it was important that fuel accumu-
lation curves were robustly parameterised to produce valid
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Fig. 8. Modelled (closed circles) and measured (closed inverted triangles)
proportions of total aboveground woody biomass comprising dead wood.
Modelled data are for the frequency of all fires and of early fires for the
corresponding measured sites. The lower points are for the dead wood load
immediately after the mean fire (P (0)); the mid points are for the mean dead
wood load across space and time (®); and the upper points are at the time of
the mean fire recurrence interval (®r). The horizontal line represents the
maximum possible proportion of dead wood in the absence of major
disturbances, such as wind storms or drought.

carbon and emissions budgets. This ensured compliance with
the 2006 guidelines for national greenhouse gas inventories
(IPCC 2006). Regarding woody debris — important because of
its biomass and high methane emission factors — the first step in
this was the fitting of modified Olson curves to field observa-
tions. Fitting these curves supported estimates of carbon
sequestration in new ERF methodologies and in the NIR. A
further development has been the application of a mass balance
approach to estimate the input parameters to the modified Olson
curve from field data of tree stand structure, growth rates and
woody combustion. These considerations allow the mortality
rate of trees (and consequently the creation of dead wood) to be
estimated. Across the whole savanna zone with more than
600 mm rainfall, more than 2% of trees die per year. Thus, in
total, more than 400 million trees with a stem diameter =0.05 m
and a total biomass of more than 72 Tg die per year. Previous
estimates of greenhouse gas emissions from Australian savanna
fires have not included standing dead trees. However, research
from eucalypt woodlands in southern Queensland showed that
they burn at rates similar to on-ground dead wood. New field
data from semiarid savannas across northern Australia have
confirmed that dead standing trees comprise most of the dead
wood (Table 2). Further, the proportion of total woody biomass
comprising dead wood increases with decreasing fire frequency
and a decreasing proportion of late dry season fires. This gives
scope for increasing the carbon stock in the woody debris pool
with improved fire management. New parameters are presented
for calculating woody debris dynamics, including dead trees, in
Australia’s savannas.
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